Abstract In this study, we sought to determine the distribution and expression of heat shock protein 60 (Hsp60) in the tissues of transported piglets. A total of 24 Chinese Erhualian piglets with an average body weight of 20±1 kg were assessed under both 2-h transported and normal housing conditions. Results of enzymatic analysis showed that the serum creatine kinase and aspartate aminotransferase concentrations were significantly increased in the 2-h transported piglets. Acute cellular lesions characterized by granular and vacuolar degeneration of the parenchyma cells in the tested heart, liver, and kidney were also confirmed by histopathological test after 2 h transportation. These results indicate that transport stress induces tissue damage to heart, liver, and kidney. Hsp60-positive immunostaining was consistently detected in the cytoplasm of myocardial cells, hepatocytes, renal tubular epithelial cells, and epithelial cells of fundic gland. However, results of enzyme-linked immunosorbent assay indicated that Hsp60 expression was only significantly elevated in the stomach, with lower expression in the heart and a nonsignificant trend of increased liver and kidney expression of Hsp60. These results indicate that different tissues had different sensitivities to transport stress, possibly resulting in varying levels of cytoprotection by Hsp60 in the different tissues. The expression of Hsp60 following 2 h transportation coincided with deterioration of cardiac cytoprotection in the heart and protection in the stomach. However, the direct role of Hsp60 in cytoprotection of heart and stomach tissues needs further investigation.
Introduction
During transportation, factors such as vibration, crowding, mixing with other animals, lack of ventilation, and deprivation of food and water can be highly stressful. This increased stress can result in increased morbidity and mortality, leading to substantial economic loss. The stress caused to fattened pigs during loading, unloading, and road transportation for the purpose of marketing and slaughter for meat in slaughterhouses is commonly reported (Pérez et al. 2002; Gosálvez et al. 2006; Mota-Rojas et al. 2006) . Young piglets are usually transported to dispersive farms after weaning, but the response and tolerance of the young piglets to transport are poorly understood. The changes in the expression of pig acute phase protein during the acute phase response after prolonged transportation of pigs under commercial conditions have been evaluated (Piñeiro et al. 2007 ). The heat stress response (HSR) also occurs in response to transportation and, as a signal of HSR, the expression of heat shock proteins (Hsps) may change after transportation (Van Laack et al. 1993; Li et al. 2006) .
Hsps are highly conserved cellular stress proteins present in every organism from bacteria to man. Based on their molecular weight, Hsps are classified into six major families, namely, small HSPs, HSP40, HSP60, HSP70, HSP90, and HSP110 (Snoeckx et al. 2001 ). Different Hsps localize in different cellular compartments, e.g., Hsp27 localizes in the nucleus and cytoplasm, Hsp60 localizes in the mitochondria, and Grp78/BiP and gp96 localize in the endoplasmic reticulum (Habich and Burkart 2007) . Many studies have shown the importance of Hsps for the survival of cells under stress conditions (Iwaki et al. 1993; Fehrenbach et al. 2003) . Since Hsps are universal cytoprotection proteins, they may enhance the tolerance to stress, increase the survival rate of stressed cells, and may also play an important role in the emergence and development of cardiovascular diseases, organism decay, or cellular aging (Snoeckx et al. 2001; Njemini et al. 2007) . A number of early reports have indicated that Hsp60 exists, in particular, in the mitochondria (Briones et al. 1997; Zhao et al. 2002) , and members of the HSP60 family play roles in the folding, unfolding, and translocation of mitochondrial and cellular proteins and in the assembly of oligomeric protein complexes (Bukau and Horwich 1998; Fink 1999) . Although there is growing awareness regarding the protective function of Hsps and their importance in many regulatory pathways, little is known about the expression and function of Hsp60 in tissues under conditions of transport stress, particularly its role in tissue damage. Therefore, the purpose of the current study was to determine the relationship between Hsp60 localization, concentration, and tissue damage in transported piglets.
Materials and methods

Animals and experimental design
Castrated Chinese Erhualian piglets were raised at the China Boar Research Center (Wuxi City, China). The piglets were housed in an area of 2.5×3.0 m 2 and fed twice daily at 06:00 and 17:30 with free access to water. When the avoirdupois of all the piglets reached 20±1 kg, they were randomly divided into two groups. Twelve piglets were maintained under normal conditions as the control group, and the other 12 were loaded onto a truck and individually housed in separate cages of a common pig transport trailer for 2 h as the transportation group. The piglets were transported at a speed of 30-40 km/h without being fed or provided with water. At the end of the journey, all the animals were administered general anesthesia (10 mg/kg of pentobarbital sodium) and killed according to normal commercial practice in a dissection room. The blood samples were collected by exsanguinations and were centrifuged at 1,200 ×g for 5 min at 4°C.
The sera obtained were frozen at −20°C for further analysis. Tissue specimens (heart, liver, kidney, and stomach) for histopathological and immunohistochemical analyses were fixed in paraformaldehyde solution, and those for quantifying the levels of Hsp60 were frozen in liquid nitrogen and stored at −80°C.
The animal care and experimental procedures used in this study conformed to the regulations and guidelines of the regional Animal Ethics Committee.
Enzyme activity determination
Enzyme activity of creatine kinase (CK) and aspartate aminotransferase (AST) were measured as described by the instructions given in the commercial kits (Nanjing Jiancheng Biochemical Reagent Co., Nanjing, China), using a clinical autoanalyzer (Vital Scientific NV, The Netherlands).
Histopathological test
Four paraformaldehyde-fixed and paraffin-embedded tissues were sliced serially into 4-µm sections, and one of the sections was routinely stained with hematoxylin and eosin (H.E.) and examined using light microscopy.
The degree of alteration was evaluated through H.E. staining of all tissue specimens.
Immunohistochemistry
The paraffin-embedded 4-µm serial sections of the heart, liver, kidney, and stomach tissues of piglets from both transported and control groups were mounted on SuperfrostPlus slides. The sections were immunostained using the standard streptavidin detection system. The slices were dewaxed through two steps of xylene washings. The deparaffinized sections were rehydrated through a graded ethanol series and then blocked in 3% hydrogen peroxide in methanol for 10 min to inhibit the endogenous peroxidase. The sections were immersed in 0.01 M citrate buffer (pH 6.0) and heated in a microwave oven for 20 min for antigen retrieval. Normal goat serum (diluted ready-to-use, 85-6643, Zymed Laboratories Inc., South San Francisco, CA, USA) was used to block the non-immune antiserum for 20 min at room temperature in a humidified chamber. The sections were incubated overnight at 4°C with the primary antibody (SPA-806, Mouse Anti-Hsp60 Monoclonal Antibody, Stressgen Bioreagents Limited Partnership, Victoria, Canada) diluted 1:100 in phosphate-buffered saline (PBS), and PBS instead of primary antibody was run concurrently as the negative control. Then, the slices were incubated with a biotinylated secondary mouse antibody (85-6643, diluted ready-to-use, Zymed Laboratories Inc., South San Francisco, CA, USA) for 20 min at 37°C in a humidified chamber. After that, the sections were subjected to three washes of PBS and incubated for 20 min in a horseradish peroxidase-streptavidin dilution (85-6643, diluted ready-to-use, Zymed Laboratories Inc.) according to the kit directions and washed again for 3×5 min in PBS. 3-3′-Diaminobenzidine (00-2014, Zymed Laboratories Inc.) was used to develop the chromogen. Nuclear counterstaining was performed with hematoxylin.
Enzyme-linked immunosorbent assay (ELISA)
Tissues stored at −80°C were homogenized in a chilled solution (100 mg tissues/ml) containing 0.15 M NaCl, 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 1 mM PMSF, 0.1 µM E-46, 0.08 µM aprotinin, 0.1 µM leupetin, and 0.1% NP-40 (Salokhe et al. 2006 ) using an Ultra-Turrax homogenizer on ice. The homogenate was centrifuged at 1,200 ×g for 20 min at 4°C. The supernatant was removed and stored at −20°C for further analysis. The frozen tissue samples were slowly defrosted in a refrigerator at 4°C before preparation for ELISA. The Hsp60 concentration was determined according to the manufacturer's protocol. The desired number of specific antibody-coated wells (cat. no. QRCT-3230033EIA, goat anti-pig heat shock protein 60, Adlitteram Diagnostic Laboratories, USA) were secured in the holder, and standards and specimens were dispensed into appropriate wells. The biotin conjugate reagent was added to the specimens' wells and the enzyme conjugate reagent was added to each well, gently mixed for 15 s, and incubated at 36±2°C for 60 min. The incubation mixture was removed and the microtiter wells were rinsed five times with deionized water. Next, 3, 3′ 5, 5-tetramethylbenzidine substrate solution was added to the wells, gently mixed for 5 s, and incubated at 36±2°C for 15 min. The reaction was stopped by adding stop solution and gently mixing for 30 s. Using a microtiter plate reader, the optical density at 450 nm was read within 30 min. The average absorbance values (A 450 ) for each set of reference standards, control, and samples were calculated. A standard curve was constructed by plotting the mean absorbance obtained for each reference standard against its concentration on a linear graph, with absorbance on the vertical (y) axis and concentration on the horizontal (x) axis. The results were expressed in nanograms per milliliter according to the calibration curve obtained with serial dilutions of a known quantity of Hsp60, and these were then normalized to the β-actin (cat. no. QRCT-3230311EIA, goat anti-pig β actin, Adlitteram Diagnostic Laboratories) content of the corresponding tissues. The procedure was performed in duplicate for each sample.
Statistical analysis
All statistical analyses in this investigation were completed using the Statistical Package for Social Sciences 13.0 software with data expressed as mean±standard deviation. Differences were considered significant when P<0.05 tested by t-test for independent samples between groups.
Results
CK and AST activity determination
Changes in enzyme activity of CK and AST are shown in Fig. 1 . After 2 h transportation, the serum CK activity was significantly higher than that of the control piglets (P<0.01, Fig. 1a) ; the concentration of AST also increased in transported piglets (P<0.05, Fig. 1b ).
Histopathological test
Histopathological changes of four tested tissues (heart, liver, kidney, and stomach) are illustrated in Figs. 2, 3, 4, and 5, respectively. After 2 h transportation, the parenchyma cells of heart, liver, and kidney showed acute degeneration characterized by enlarged cell size, and faint and lightly stained cytoplasm. Expanded intracellular spaces and numerous fine granular particles were also observed in the cytoplasm.
After 2 h transportation, more fine cytoplasmic granules were found in the cytoplasm of myocardial cells of piglet hearts that were undergoing acute changes. The granular degeneration of the myocardial cells was recognized by light pink staining, tiny granular particles, and loss of striations in the cytoplasm (Fig. 2a) . In the liver of 2-h transported piglets, slight granular and vacuolar degeneration was detected in the cytoplasm of hepatocytes, especially at the center of the hepatic lobule (Fig. 3a) . In the kidney, the swelling of the renal tubular epithelial cells of the proximal and distal convoluted tubules showed light eosinophilic staining with fine granules and small vacuoles in the cytoplasm (Fig. 4a) . Acute exudation was observed in the mucous lamina propria and submucosa of stomach of all the transported piglets after 2 h transportation (Fig. 5a) .
No obvious lesions were found in the heart, liver, kidney, and stomach of control piglets (Figs. 2b, 3b, 4b , and 5b, respectively). The mean microscopic lesion scores in the collected tissue samples from all test piglets are summarized in Table 1 .
Immunohistochemistry
Immunolabelling showed that the Hsp60 was localized in the cytoplasm of parenchyma cells with very little difference between the transported groups and the control groups in Hsp60 localization in the four tested tissues. Positive Hsp60 immunostaining in the heart was largely restricted to the cytoplasm of cardiomyocytes. There was an apparent decrement in the positive intracytoplasm signals of Hsp60 in the transported piglets (Fig. 2c) as compared to the control group (Fig. 2d) . Hsp60 immunoreactivity was distinctly lower in the cytoplasm of the granular degenerated areas than that in the intact areas (Fig. 2c) . In the liver, Hsp60-specific immunostaining was diffuse and predominantly cytoplasmic in the hepatocytes. The distribution of Hsp60 was more prominent in the hepatocytes of the transported group (Fig. 3c ) compared to the control group ( Fig. 3d ) with stronger staining in the renal tubular epithelial cells following 2 h transportation (Fig. 4c ) compared to the control piglets (Fig. 4d) . Within the immunostained areas of the kidney, not all renal tubules stained to similar levels. There was higher staining in the epithelial cells of the proximal tubule than the distal tubule. Positive Hsp60 signals were diffused in the cytoplasm, particularly in the basal parts of the renal tubule epithelial cells. In the stomach, positive Hsp60 immunoreactivity was observed in some, but not all, pyloric gland cells, mainly in the Fig. 1 Changes in serum CK and AST activities in piglets. A CK activity; B AST activity. * indicates significant difference as compared to control (P<0.05, n=12); ** indicates significant difference as compared to control (P<0.01, n=12) Fig. 2 Representative photomicrographs of myocardial cells. Scale bar=10 µm. A Granular degeneration (arrow) was observed in the cytoplasm of the myocardial fibers of transported piglets (H. E. staining). B The heart of control piglets (H.E. staining). C Positive immunolabelling of Hsp60 (arrow ←) was localized mainly in the cytoplasm of cardiomyocytes (IHC staining) and Hsp60 staining was distinctly lower in the cytoplasm of granular degenerated areas (arrow →). D Hsp60 positive signals in control piglets (IHC staining) Fig. 3 Representative photomicrographs of liver. Scale bar=10 µm. A Granular degeneration (arrow) in hepatocytes of transported piglets was observed (H.E. staining). B The liver of control piglets (H.E. staining). C Hsp60 (arrow) was detected predominantly in the cytoplasm of hepatocytes (IHC staining) and Hsp60 staining was not well distributed in transported piglets. D Hsp60-positive signals in control piglets (IHC staining) Fig. 4 Representative photomicrographs of kidney. Scale bar=10 µm. A Granular degeneration (arrow) was observed in the kidney of transported piglets (H.E. staining). B The kidney of control piglets (H.E. staining). C Diffuse HSP60-positive signals were observed, particularly in the basal parts of the renal tubule epithelial cells (IHC staining). D Hsp60-positive signals in control piglets (IHC staining) basal parts of the cytoplasm. Cytoplasmic Hsp60 immunoreactivity was much more prominent in the pyloric gland cells of 2 h transported piglets (Fig. 5c) than those of the control group (Fig. 5d) . Table 2 shows the concentrations of Hsp60 normalized to β-actin in the corresponding tissues (heart, liver, kidney, and stomach) in both of the transport and the control piglets. The results of the ELISA analysis indicated that Hsp60 expression in the heart following 2 h transport was significantly reduced (P<0.01). In contrast, in the stomach, Hsp60 expression was significantly induced following 2 h transportation (P<0.05). Hsp60 expression was increased in both the liver and kidney, but the differences were not significant (P>0.05).
ELISA results
Discussion
Many studies have demonstrated the importance of Hsps for the survival of cells under stress conditions in vitro (Jethmalani and Henle 1997; Verbeke et al. 2001; Hundt et "−" means no obvious pathological alteration; "+" means part of tissues have diffused granular degeneration or slight exudation in stomach; "++" means part of tissues have diffused granular degeneration and vacuolar degeneration or severe exudation in stomach; "+++" means, except granular degeneration and vacuolar degeneration, diffused cellular necrosis can also be found in the tissues; "++++" means a great quantity of severe cellular necrosis appears in the tissues al. 2007). Mammalian Hsps has induced by various ambient temperatures or environments in vivo (Fujimori et al. 1994; Kim et al. 2004) . Transportation is thought to be very stressful due to exposure of the animals to unfavorable environments. This stress may induce intense physiological changes resulting in reduction in the animal's productivity and the quality of its products (von Borell and Schäffer 2005) . Enzyme activities of CK and AST in the blood serum are often interpreted as an index of muscle damage and muscle fatigue (Fàbrega et al. 2002; Pérez et al. 2002; Li et al. 2007 ). CK mainly distributes in cardiac muscle fiber; when it gets pathological damage, metabolic enzyme in cardiac muscle fiber will release into the blood. CK activity in serum will strengthen rapidly (Britton et al. 1980) . Increased levels of serum AST often are connected with heart and liver diseases (Wada and Kamiike 1990) . The main reason of elevated AST in serum is considered as hepatic injury (Johnson et al. 1995) . In the present study, we demonstrated that serum CK activity was significantly elevated following 2 h transportation compared to control piglets (P<0.01). Serum AST concentrations were also increased in piglets (P<0.05) following 2 h transportation. These results indicate that transport stress induced tissue damage in heart and liver. Acute cellular lesions were also observed by histopathology, with parenchyma cells of tested heart, liver, and kidney presenting with acute degeneration characterized by granular and vacuolar degeneration after 2 h transportation. Acute edema, characterized by serous exudation in the mucous lamina propria and submucosa of stomach, was observed in all transported piglets. These results demonstrate that the parenchyma cells of heart, liver, and kidney can be injured by 2 h transportation. These results are consistent with previous studies (Bao et al. 2002; Fu et al. 2004; Li et al. 2005) .
Although positive immunolabelling revealed that Hsp60 was localized predominantly in the cytoplasm of cardiomyocytes, there was an obvious decreased Hsp60 immunoreactivity in the cytoplasmic areas of cardiomyocytes with the granular and vacuolar degeneration as compared to the control piglets. Quantification of Hsp60 expression using ELISA confirmed that the level of Hsp60 expression was lower in the heart of the transported piglets as compared to the control piglets (P < 0.01). This implies that Hsp60, localized in the mitochondria (Briones et al. 1997; Zhao et al. 2002) , was significantly decreased after 2 h transportation and this reduced Hsp60 expression in the heart may induce intense physiological changes resulting in increased morbidity and mortality. A similar report showed that the levels of Hsp60 were attenuated in the heart of streptozotocin-induced diabetic rats as compared to in the heart of the control rats (Oksala et al. 2006) . The decreased expression of Hsp60 in the heart of transported piglets is in contrast to previous reports of stress-induced increases in Hsp70 both in vitro (Cumming et al. 1996) and in vivo (Schmitt et al. 2002) . It has been reported that the concentration of Hsp70 was significantly higher in the heart of 2-h transported piglets than in the heart of the control piglets (Yu et al. 2007 ). These results imply that Hsps from different HSP families, such as Hsp70 and Hsp60, are differentially regulated in response to stress and differentially mediate cardiac cytoprotection.
Environmental stresses are very important in gastric ulcer in swine (Knežević et al. 2007 ). It has been reported that, 12 h after the initiation of water-immersion stress, rats were found to have acute gastric mucosal lesions and Hsp60 levels were significantly higher than that of the control rats (Fujimori et al. 1994) . Sleep deprivation was also considered as a stressor, with partial sleep deprivation producing gastric lesions in the corpus or pylorus of the stomach in approximately 30-50% of the experimental rats (Guo et al. 2005) . Compared to the control piglets, stressing lesions such as erosion and ulcers in the stomach have been described previously. With the exception of acute exudation in the mucous lamina propria and submucosa of stomach, they were not observed after 2 h transportation. Hsp60- Hsp60 expression was normalized to β-actin in four types of tissues. Significant differences were obtained for the values of control vs. transport. *stands for significance at 0.05 and **stands for significance at 0.01 positive immunoreactivity was mainly observed in the cytoplasm of pyloric gland epithelial cells of stomach with a high level of Hsp60 expression in the stomach of the transported piglets after 2 h transportation. This may be the reason that 2 h transport stress for piglets was too short to cause obvious damages or it reveals that the cells and tissues in the stomach were sufficiently protected due to overexpression of Hsp60, together with other HSP families, in the transport process. Whether Hsp60 actually protects stomach tissue from damage needs to be further investigated.
In the kidney, degenerative damage to the renal tubular epithelial cells was observed mainly in the proximal tubule. Hsp60 staining revealed that Hsp60 expression was higher in the renal tubular epithelial cells of the proximal tubule than that of the distal tubule (Fig. 4d) . This is consistent with the stronger staining of the proximal convoluted tubule epithelium than that of the distal convoluted tubule in the normal human kidney as previously reported by Mallard et al. (1996) . Our semiquantitative results demonstrate that there was no significant difference in kidney Hsp60 expression between the transported piglets and the control piglets. Slight damage and stronger Hsp60 staining were also observed in the liver. Similar to streptozotocin-induced diabetic rats, while the levels of Hsp60 were attenuated in the heart, Hsp60 expression was induced in the liver (Oksala et al. 2006 ). Although the difference was not significant, the level of Hsp60 expression in the kidney and the liver was elevated in the transported piglets. The differential induction of Hsp60 expression in the heart, liver, kidney, and stomach indicates that different tissues have varying sensitivities to transport stress, resulting in tissue-dependent cytoprotection of Hsp60.
